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FACING A CHANGING WORLD: THERMAL PHYSIOLOGY
OF AMERICAN PIKAS (OCHOTONA PRINCEPS)
Hans W. Otto1, James A. Wilson1,3, and Erik A. Beever2
ABSTRACT.—American pikas (Ochotona princeps) are of concern with respect to warming montane temperatures;
however, little information exists regarding their physiological ability to adapt to warming temperatures. Previous studies
have shown that pikas have high metabolism and low thermal conductance, which allow survival during cold winters.
It has been hypothesized that these characteristics may be detrimental, given the recent warming trends observed in
montane ecosystems. We examined resting metabolic rate, surface activity, and den and ambient temperatures (Ta) of
pikas in late summer (August 2011 and 2012) at 2 locations in the Rocky Mountains. Resting metabolic rate was calculated to be 2.02 mL O2 ⋅ g −1h−1, with a lower critical temperature (LCT) of 28.1 +
– 0.2 °C. No upper critical temperature
(UCT) could be determined from our data; therefore, the estimated thermoneutral zone (TNZ) was 28.1 °C to at least
35.0 °C (upper experimental temperature). Pikas in this study showed the same bimodal above-talus activity patterns
reported in previous studies. Den temperatures in Colorado were correlated with, but consistently lower than, current
ambient temperatures. Wyoming den temperatures showed a weak correlation with Ta 20 min prior to the current den
temperature. This study is one of few to present data on the physiological response pikas may have to current warming
conditions, and the first to perform metabolic measurements in situ. Our data support conclusions of previous studies,
specifically MacArthur and Wang (1973, 1974) and Smith (1974), which indicated American pikas may not have the
physiological ability to cope with high Ta. Our results also highlight the importance of shaded regions below the talus
rocks for behavioral thermoregulation by pikas.
RESUMEN.—La pica americana (Ochotona princeps) es una especie considerada de preocupación debido al aumento
de la temperatura en las montañas. Sin embargo, existe poca información relacionada a su capacidad fisiológica para
adaptarse a temperaturas más cálidas. Estudios previos han mostrado que las picas tienen un metabolismo alto y una
conductividad térmica baja, lo que les permite sobrevivir en los inviernos fríos. Se ha planteado la hipótesis de que estas
características pueden ser perjudiciales, dadas a las tendencias recientes de calentamiento en los ecosistemas de montaña.
Examinamos la tasa metabólica en reposo, la actividad superficial y la temperatura en las madrigueras y la temperatura
ambiente (Ta) de las picas a finales del verano (agosto de 2011 y 2012) en 2 áreas de las Montañas Rocosas. Calculamos
que la tasa metabólica en reposo sería 2.02 mL O2 ⋅ g−1h−1, con una temperatura crítica inferior (LCT) de 28.1 +
– 0.2 °C.
No pudimos determinar la temperatura crítica superior (UCT) a partir de nuestros datos; por lo tanto, la zona termoneutral estimada (TNZ) fue 28.1 a al menos 35.0 °C (temperatura experimental superior). Las picas en este estudio
mostraron los mismos patrones bimodales de actividad por encima del talud que los reportados en estudios anteriores.
La temperatura de las madrigueras en Colorado se correlacionaron con, pero siendo siempre inferiores, la temperatura ambiental actual. La temperatura de las madrigueras en Wyoming mostraron una correlación débil con la temperatura
ambiente 20 minutos antes de la temperatura actual de la madriguera. Este estudio es uno de los pocos que presentan
datos de las respuestas fisiológicas que las picas podrían tener en las condiciones actuales de calentamiento climático, y
el primero en realizar mediciones metabólicas in situ. Nuestros datos respaldan conclusiones de estudios previos, particularmente MacArthur y Wang 1973 y 1974, y Smith 1974, que indican que las picas americanas pueden no tener la
capacidad fisiológica para enfrentar las altas temperaturas ambientales y resalta la importancia de las regiones sombreadas bajo las rocas del talud para el comportamiento de termorregulación de las picas.

Across North America, mean atmospheric
temperature has warmed by 0.6 °C during the
past century (Houghton et al. 2001). Mirroring
the rate of increasing global temperatures,
effects of climate change on terrestrial organisms are predicted to escalate with increasing
latitude and elevation (Deutsch et al. 2008,
Beever et al. 2010). Montane systems and their
wildlife, in particular, are predicted to be highly

sensitive to projected climate change (Pauli et
al. 1996, Moritz et al. 2008, Sekercioglu et al.
2008). For example, several regions of the Rocky
Mountains may show increased snowfall combined with earlier snowmelt (Hidalgo et al.
2009, Holsinger et al. 2014), or increased summer temperatures and longer summer drought
(Abatzoglou et al. 2014). Alterations in largescale climate patterns are predicted to have
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important effects on species inhabiting highelevation ecosystems of the western United
States. Many of these predictions are already
observed across the Northern hemisphere, including changes in phenology (Post and Stenseth
1999), species distributions (Payette 1987,
Floyd 2004, Walther et al. 2005), body size
(Smith et al. 1998, Fernández-Salvador et al.
2005), reproductive output (Lewis 1993), hibernation patterns (Inouye et al. 2000, Blumstein
et al. 2004), abundance (Beever et al. 2013),
and community structure (Brown et al. 1997).
In response to changing climates, many
species in the paleontological record and in
contemporary times have migrated to new
locations that mimic their original environment.
In alpine systems, this often (but not always:
see Crimmins et al. 2011, Rapacciuolo et al.
2014) means a shift to higher elevations or
latitudes. For example, elevational range shifts
have occurred in many species inhabiting the
southern Sierra Nevada Mountains as a result
of climate change (e.g., Moritz et al. 2008,
Rowe et al. 2014). Out of 28 species of small
mammals analyzed, 14 species showed an upward shift of approximately 500 m in elevation
near Yosemite National Park (Moritz et al. 2008).
Likewise, Walther et al. (2005) confirmed an
accelerated trend in the upward shift of alpine
plants, which are presumably altering their
range in response to warmer climatic conditions. Wilson and Gutiérrez (2011) recently reviewed species’ elevational range shifts worldwide, and provided thoughtful analysis on
mechanisms underlying the changes. Future
responses of plant and animal populations to
ongoing climatic change are uncertain, and
the specific physiological processes that underlie the ability of a species to respond to
changes in climate are largely unknown. As a
result, it is increasingly important to understand
the physiology of montane species and how a
changing climate may impact their distribution.
Warming trends in the past appear to have
forced the American pika (Ochotona princeps)
across the Great Basin to retreat to higher latitudes and elevations (Grayson 2005), which
typify their current disjunct distribution across
the Intermountain West (Beever et al. 2003).
In addition, pikas have begun to show a pattern of localized extinction throughout sites
in mountain ranges of the Great Basin reflecting climatic, anthropogenic, and biogeographic factors, with climate-induced factors
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continuing to strengthen their influence on
pika distributions over time (Beever et al.
2003, 2011, 2013). The underlying physiological response that links pika populations to
changes in climate are unknown; however,
pikas might have physiological limitations
with respect to high ambient temperatures
(Ta), because (1) they do not employ hibernation or seasonal migration as an energy-saving
mechanism; (2) only 3 °C separates their resting Tb (x– = 40.1 °C; MacArthur and Wang
1973) from their reported upper lethal temperature (x– = 43.1 °C; MacArthur and Wang
1973, 1974, Smith and Weston 1990), which
is a difference well below that of most other
montane mammals; (3) they have low thermal
conductance, which is as low as 53% of the
value predicted by the pika’s body mass (this
conductance limits their ability to dissipate
heat in warm periods; MacArthur and Wang
1973); and (4) they have a high basal metabolic
rate (143% of that predicted by allometric
models; MacArthur and Wang 1973). As a result, the dual pressures of maintaining warmth
during winter yet not overheating during
summer are challenging for pikas, given the
species’ physiological and life-history traits.
Across all vertebrates, endothermy permits
some species to remain active in high-elevation
and high-latitude climates, but only if they
can afford the extra energetic costs (McNab
2012). Small mammals typically have higher
energetic costs because of their comparatively
high ratio of surface area:volume, and consequently, they exhibit more-rapid heat loss
than do larger bodied species (McNab 2002).
The relationship between metabolism and
ambient temperature (Ta) in endothermic
animals is characterized by the metabolic
response curve, which includes the thermoneutral zone (TNZ), a range of temperatures within which endothermic animals require no changes in metabolism to maintain
their body temperature (T b). The TNZ is
bounded by upper (UCT) and lower (LCT)
critical temperatures, above or below which
metabolism increases to compensate for further heat stress, respectively (McNab 2012).
However, individuals can use conductive
and/or convective heat loss to buffer their Tb
from ambient temperatures above their UCT.
In addition to physiological mechanisms, individuals can employ behavioral responses to
mitigate extreme temperatures. During high
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Ta, metabolic cost can be reduced by limiting
exposure to solar radiation, including by limiting surface activity, seeking shade, adjusting
posture, and shuttling between the burrow
and surface microenvironments (MacArthur and
Wang 1974, Smith 1974, Belk and Smith 1991,
Vispo and Bakken 1993, Carrascal et al. 2001).
Pikas have several characteristics for surviving harsh montane winters. Their overall
round body shape and small circular ears are
adapted for minimizing heat loss; however,
these adaptations could be disadvantageous
during times of high Ta. For example, pikas
have thick fur that insulates them against
severe cold (Dearing 1997, Beever 2002).
Although pikas might be susceptible to high
temperatures because of physiological constraints, they mediate excessive heat gain by
utilizing (subsurface) interstitial-talus habitat
that is shaded, insulated, and cooler than the
surface (Varner and Dearing 2014). The actual
benefit of using cooler microhabitats can be
measured with a combination of microclimatic
and behavioral data (Carpenter 1966); thus,
monitoring the microhabitat temperatures that
organisms occupy can help us understand the
complicated balance between physiological
and behavioral responses to thermal stressors.
Our overarching objective in this research
was to assess physiological responses of American pikas to ambient temperatures spanning
from 10 °C to 35 °C (in increasing 5 °C increments) at 2 sites differing by approximately
1200 m elevation and 5° of latitude. Because
both increased elevation and latitude have a
cooling effect on mean Ta, species can occur at
increasingly lower elevations as one moves
poleward (Merriam 1892; see fig. 4 of Beever
et al. [2011] specifically for O. princeps).
Accordingly, latitude-adjusted differences in
Ta will be much less than predicted by the
approximately 1200-m difference in elevation
alone, though the exact difference will reflect
variability in both latitudinal and elevational
lapse rates. Both rates are known to vary
among seasons, across years and decades,
across space (e.g., leeward vs. windward sides
of mountains, continental vs. maritime climate), and across specific temperature measures (e.g., maximum vs. mean vs. minimum;
daily vs. monthly vs. annual). MacArthur and
Wang (1973, 1974) and Smith (1974) speculated that, given the high metabolism and low
thermal conductance of pikas, they would be
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physiologically adapted to the cold, but at
increased risk of hyperthermia from warming
temperatures. Specifically, they suggested that
pikas cannot physiologically regulate their
body temperature; and without the ability to
behaviorally thermoregulate by using cooler
refuges under the talus, pikas exposed to Ta
> 28 °C would experience increased mortality (MacArthur and Wang 1973). The heatintolerance hypothesis suggested by MacArthur
and Wang (1973, 1974) and Smith (1974) was
first suggested during studies to measure the
cold-adaptation of pikas, but the hypothesis
has not been studied since global temperatures experienced their sharp rise. Thus, we
chose to assess the pika’s potential to accommodate a warming climate, and to quantify the
amount of thermal refuge that interstitial
spaces provide for pikas, across time and sites,
under experimental warming. We chose to
measure activity and microhabitat Ta during
late summer, because this period would represent the warmest temperatures that pikas
would be exposed to within the year. We
hypothesized that pikas would show a standard metabolic response curve across the
range of Ta that they may be exposed to in
their habitat. Specifically, given findings from
previous research (MacArthur and Wang 1974,
Smith 1974, Beever et al. 2010), we predicted
that (1) when individual pikas are experimentally exposed to incrementally increasing temperatures, the upper critical temperature (the
point where individuals increase their metabolic rate to counter heat gain) will be located
at a Ta at or below 25–28 °C; and that (2) pikas
will experience considerable heat stress at Ta
> 28 °C, resulting in decreased surface activity
during hours when Ta > 28 °C. Finally, given
the results of Smith (1974), we hypothesized
that (3) pikas at the Colorado site (approximately 3300 m) would have more total abovetalus activity throughout the day (but would
start above-talus activity later in the morning)
than pikas at the Wyoming site (approximately 2100 m), given the Colorado site’s
higher latitude-adjusted elevation and colder
overnight and early morning Ta.
METHODS
Study Area
This study was conducted at 2 locations
within the Rocky Mountains: Mount Crested
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Butte, Gunnison County, Colorado, and Grand
Teton National Park, Teton County, Wyoming.
The study site at Mount Crested Butte in
Colorado (hereafter, “Colorado”) is at approximately 3324 m (3316–3432 m) elevation
(38°5820 N, 107°250 W) and is dominated
by talus and scree slopes. Surrounding the
talus slope is a meadow of alpine grasses
and forbs, plus a subalpine-shrub community and adjacent forest. Coniferous forest at
our study site in Gunnison County is codominated by lodgepole pine (Pinus contorta),
Engelmann spruce (Picea engelmannii), white
fir (Abies concolor), subalpine fir (Abies lasiocarpa), and Douglas-fir (Pseudotsuga menziesii);
deciduous forest is dominated by quaking
aspen (Populus tremuloides). The focal talus
patch is approximately 8905.3 m2 in spatial
extent, west-facing, and consists of smallerdiameter boulders stacked several rocks deep.
The study site immediately upslope of Jenny
Lake in Grand Teton National Park in Wyoming (hereafter, “Wyoming”) occurs at approximately 2200 m (2158–2500 m) elevation
(43°4543 N, 110°4441 W), and consists of a
much larger talus slope surrounded by coniferous forest, shrubs, and herbaceous plants.
The coniferous forest at our site in Teton
County is also dominated by P. contorta and A.
concolor. The focal talus patch is approximately 19,879.3 m2 in spatial extent, east to
northeast facing, and consists of smaller-diameter boulders that are occasionally interspersed with soil and boulders >2 m in diameter. We estimated slope at our sites from data
at www.caltopo.com (i.e., the “Gradient Slope
Shading” map overlay); slope was 25.8% in
Colorado and 42.6% in Wyoming. We chose
these locations because they have experienced
a century or more of protection, which isolates
pikas within their boundaries from other potentially confounding anthropogenic disturbances.
Capture of Animals
We captured pikas (Mount Crested Butte,
Colorado) using open-mesh traps (Tomahawk
model 201, Hazelhurst, WI), to prevent overheating. We set traps in talus on a stable rock
and covered them on all sides, back, and top
with additional rocks to protect trapped pikas
from sun, precipitation, and predators. We
baited traps with locally collected vegetation
and baby carrots, opened them in early morning, and checked them every hour. All traps
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were closed from 12:00 to 16:00, to prevent
thermal stress to captured animals.
We placed captured pikas into a cloth bag
for transport to the on-site metabolic chamber.
We transferred each pika to an anesthesia jar
(transparent plastic jar) that had air holes to
prevent CO 2 from accumulating. A small,
perforated container (salt shaker) containing
cotton-soaked with a liquid anesthesia (isofluorane) was also placed in the jar with the
pika. We placed pikas in the anesthesia jar until
they first became unresponsive to movement
of the jar, and then we removed them from the
jar. After removal, pikas were under a light
anesthesia and were not completely responsive
to handling, but were not completely unconscious, either. Because we administered the
anesthesia via isofluorane vapors mixed in a
jar open to atmospheric gas, and because we
observed considerable interindividual variability in response to isofluorane dosing, the
dosage of isofluorane used on individuals was
variable. Rather, we sedated each pika until its
head became droopy and it was unresponsive;
we strove to use the minimum amount necessary to achieve enough sedation to prevent
injury during handling. Following light anesthetization, pikas were removed from the jar,
weighed, sexed, and placed into the metabolic
chamber after they quickly recovered from
the anesthesia. We painted a small red dot
(nontoxic, but long-lasting) on each pika’s forehead for recapture identification, so that we
used each individual only once for metabolic
trials.
Metabolic Response Curve
As a result of permitting restrictions, we
were only allowed to capture and handle individual pikas at the Colorado site; therefore, no
metabolic measurements were conducted for
Wyoming pikas. We performed trials to measure metabolic parameters (LCT, TNZ, and
UCT) with a flow-through respirometry metabolic chamber (all components mentioned in
this and next paragraph: Sable Systems Inc.,
Las Vegas, NV; Hayes and O’Connor 1999,
Campbell and Hochochka 2000, Terblanche et
al. 2006). We used the metabolic chamber in
the field at the site of capture, and powered it
with a portable generator. Measuring metabolic rates in situ usually reduces problems
associated with transport and housing stress,
each of which may inadvertently influence
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metabolic rates. Briefly, we removed individuals from traps and placed them into an individual acrylic respirometry chamber (950-mLvolume chamber attached to airflow lines).
We supplied standardized airflow (800 mL ⋅
min−1) to pikas inside an animal chamber via
a Mass Flow Systems air pump. After airflow
exits each chamber, it is directed through a
computer-controlled baselining unit and multiplexor that allows air from individual respirometry chambers to enter analyzers and be
recorded by a laptop computer. Air being analyzed flows into a relative humidity meter
(RH-300) and then into an O2, CO2, and barometric pressure analyzer (Foxbox). All data
(airflow rate, ambient barometric pressure,
chamber relative humidity, oxygen and carbon
dioxide concentration, and environmental chamber temperature) were downloaded using a
UI-2 controller. Oxygen measurements are unreliable at high elevations, so we used carbon
dioxide production as the measure of metabolic rate and converted CO2 into oxygen consumption using a respiratory quotient (RQ)
of 0.85 (sensu McNab 2012).
Metabolic trials consisted of a 5-min baseline of ambient air, followed by a 7-min sample
of the animal’s metabolic chamber air, followed
by a 3-min baseline, then another 7-min sample
of the animal’s chamber air and a final 5-min
baseline (total measurement duration = 27
min). Following a metabolic trial, we adjusted
the environmental chamber to the next experimental temperature, and all individuals were
allowed to acclimate for 45 min. A coil of copper tubing was attached to air lines immediately before the animal’s chamber to ensure
that air entering the animal’s chamber was at
the same temperature as the experimentalcabinet temperature. We sequentially exposed
pikas to experimental temperatures of 10 °C,
15 °C, 20 °C, 25 °C, 30 °C, and 35 °C (see
Smith 1974). As a result of the strong time
constraints placed on us by permitting agencies, we were forced to begin experimental
temperatures at 10 °C and increase linearly to
35 °C. From an experimental design point of
view, it would be better to randomly assign
experimental temperature exposure; however,
performing the experiment in this sequence
minimized the time that individual pikas
would be held in captivity. We closely monitored pikas for heat stress at experimental
temperatures >25 °C because of their re-
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ported lower heat tolerance (MacArthur and
Wang 1974, Smith 1974). We planned to terminate any metabolic trial in which any visible
sign of heat stress occurred in the pika. We
provided pikas with apple slices as a source of
water to prevent potential dehydration, which
would confound our desire to investigate the
effects of hyperthermia during metabolic trials. We noted that the apple slices from most
individuals had been consumed to varying
degrees, from a few nibbles to complete consumption. We assume that because each individual received an apple slice, the minimal
effects that apple slices have on metabolism
were standardized across all individuals.
Because of the addition of apples to the metabolic chamber, however, our results do not
satisfy the requirements for basal metabolic
rate, and we therefore have data on resting
metabolic rates. Following metabolic trials, we
released all animals at their point of capture.
We analyzed data files using EXPEDATA
(Sable Systems). For each recording, we used
baseline concentrations of CO2 obtained from
ambient airflow to calculate CO2 addition by
the animal. We calculated rates of CO2 addition (mL · h−1) as the product of flow rate and
depletion or addition. Rates of CO2 addition
were averaged across approximately 2-min
sections (linear sections of steady respiration)
of both the initial and final samples from the
respiration chamber, resulting in a single metabolic response value (milliliters per hour) at
the given experimental temperature. We plotted
metabolic rates for experimental temperatures
to generate a metabolic response curve for
each individual.
We calculated LCT and UCT breakpoints
using piecewise linear regression analysis
(Ryan and Porth 2007); we chose the breakpoint with the smallest mean square error.
Piecewise linear regression analysis is an effective method for calculating a breakpoint
because the function between the independent (temperature) and dependent (metabolic
rate) variables change abruptly. Another common method for finding a breakpoint—linear
regression—may not give the most accurate
estimate of the LCT because breakpoints
located between or at data points may not
be considered fully (Nickerson et al. 1989).
However, using the piecewise linear-regression
method, multiple linear models are produced to fit the data for different ranges of
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the x-variable in a piecewise linear regression. Therefore, an exact breakpoint value is
calculated where the slope of the linear function changes (Ryan and Porth 2007). We also
tested breakpoint models for independence of
residuals using a Wald Z test on the autoregressive variance structure, and we tested
them for normality using a Shapiro–Wilk test.
Once we calculated the breakpoint, we performed linear regression tests on the TNZ and
the line below the LCT to determine whether the
slope of either of these individual relationships
was significantly different from zero.
Activity
At sites in Colorado and Wyoming, we
observed surface activity of individual pikas
from 26 July 2010 to 13 August 2010, using a
modified focal-animal technique (Altmann
1974). Observers positioned themselves before
pikas became active, to decrease interruption
of pika surface activity. We observed pikas
from a distance of approximately 0–25 m using
7 × 35 binoculars, or unaided vision. We
observed individuals from the time of first
sighting until the individual was out of sight
(i.e., no longer surface-active). Observers followed the focal animal and recorded the time
that above-talus activity began and ended
using a cumulative stopwatch, giving durations (in 1-s increments) for all activities during
the time that individuals were observed. Pikas
observable above the talus were counted as
active, including individuals who quickly ran
in and out of the talus, as long as the same
individual could be followed. Percentage of
time individual pikas were surface-active was
calculated for each hour from sunrise to sunset, to provide an index of diurnal pika activity
above the talus surface.
Daily Thermal Profile
To measure Ta of microclimates that pikas
are exposed to in Colorado and Wyoming,
we placed Thermochron iButtons (model DS1922L) in waterproof plastic holders and positioned them in 2 microhabitats regularly used
by pikas: surface (above talus, shaded) and
dens (underneath talus, near haypiles). We
placed iButtons adjacent to the haypile of an
individual pika, with the surface recorder
placed on the top of the rock located directly
above the haypile and the den recorder dropped
down (approximately 1 m) into the space
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below the rocks containing the haypile. We
attached a string to the den recorder to allow
it to be retrieved from inside the talus. Ta was
recorded every 10 min for each of 5 microhabitat subsamples to provide a temperature
profile throughout the day, from 26 July to 13
August 2010. We calculated mean temperature from the 5 subsamples for each time
interval and used it for the temperature
analysis.
To assess the relationship, if any, between
den and ambient temperatures, we attempted
to fit appropriate statistical time-series models for each site. Specifically, we attempted to
fit a seasonal autoregressive integrated moving average (ARIMA) model to the temperature data from each site because these models
allow increased flexibility while maintaining
a simple linear form (Chatfield 2003, Cryer
and Chan 2008). To satisfy the model assumptions of constant variance, some data were
log-transformed to stabilize variance; in the
remaining cases, the variance was already stable
and thus no transformation was performed.
The first step in fitting a seasonal ARIMA
model is to determine what differencing, if
any, is required. Differencing is required to
make a time-series stationary (i.e., constant
mean, autocorrelation that depends only on
time lag), which is a requirement of seasonal ARIMA models (Chatfield 2003, Cryer
and Chan 2008). We determined the type and
amount of differencing required by examining
a plot of the time-series, as well as the resulting plot of the differenced data. Once we
identified seasonal ARIMA models, we estimated the parameters by fitting the model to
the data using the “arima” function in Program
R. Maximum likelihood was used to determine the fit of all models, and once the best fit
was determined, model diagnostics were performed. Once all models were determined to
satisfy the requirements of a seasonal ARIMA
model, we selected the best model (i.e., with
highest r2) from the suite of potential models.
We present all data as mean +
– 1 SE.
RESULTS
We captured 4 pikas (3 males, 1 female) in
2011 and 10 (5 males, 2 females, 3 unknown)
in 2012 at Mount Crested Butte, Colorado. All
pikas captured were adults, except for 3 juvenile individuals (captured in 2012) whose sex
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Temperature (°C)
Fig. 1. Rate of metabolism in American pikas (Ochotona princeps; n = 14) as a function of ambient temperatures (Ta),
as estimated by piecewise regression. The range in Ta in which rate of metabolism is constant (28.1–35.0 °C) is an estimate of the thermoneutral zone, and the slope of the regression within that range did not significantly differ from a
slope of zero (F1, 6 = 0.02, P = 0.89). Below the lower critical temperature (28.1 °C), metabolism increases (slope =
−0.03) to compensate for heat loss at lower Ta.

we could not determine. Pikas had a mean
mass of 166.8 +
– 50.0 g in 2011, and 172.6 +
–
24.6 g (adults) or 111.3 +
– 37.1 g (juveniles) in
2012.
Metabolic Response Curve
Metabolic rate of pikas showed a standard
metabolic response at lower Ta (increasing
metabolism below the LCT and above the
UCT); however, no UCT was identified (at
experimental temperatures ≤35 °C; Fig. 1). In
the piecewise regression analysis, the best-fit
breakpoint model (lowest mean squared error
= 0.2275) had a lower critical (ambient) temperature of 28.1 +
– 0.2 °C. Data in the bestfit model fit the assumptions of autoregressive independence of residuals (c21 = 0.67,
P = 0.41) and normality (W = 0.98, P = 0.46).
Within the thermoneutral zone, the regression
of resting metabolic rate (RMR) against temperature was not significantly different from
a horizontal line (F1, 6 = 0.02, P = 0.89). However, the portion of the metabolic response
curve below the LCT had a regression whose
negative slope (−0.03) was significantly different from zero (F1, 24 = 6.85, P = 0.02).
Piecewise regression analysis could not converge on a breakpoint for the UCT; therefore,

no UCT could be determined by these data.
As a result, the thermoneutral zone for pikas
ranged from 28.1 °C to at least 35.0 °C.
Resting metabolic rate, estimated from the yintercept of the TNZ, was 2.02 mL O2 ⋅ g−1h−1 .
Activity
Percent of observation time that pikas were
surface-active varied throughout the day.
Pikas were more active during early morning
and late afternoon hours, and decreased surface activity during midday (Fig. 2). In
Wyoming, pikas were highly surface-active
(39.8%–45.3% active) during morning hours
(07:00–11:00), exhibited decreased surface
activity (9.5%–24.7% active) during midday
(11:00–15:00), and resumed greater activity
(25.5%–57.6% active) in the late afternoon
(15:00–19:00). In Colorado, pika surface activity (<35% active) was delayed in early morning (07:00–09:00) and did not reach similar
morning activity levels as were observed in
Wyoming until 10:00 (Fig. 2). Midday surfaceactivity levels (22.2%–41.6% activity) were
higher in Colorado than Wyoming, and late
afternoon activity levels (30.4%–48.0% activity) in Colorado were similar to those in
Wyoming.
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Fig. 2. Daily activity of American pikas (Ochotona princeps) above the talus at Mount Crested Butte, Colorado, and
Grand Teton National Park, Wyoming, USA, during August 2011 and 2012. Percent activity was calculated for each hour
block from sunrise to sunset (averaged across all individuals observed and sampling dates) to provide an index of diurnal
pika activity above the talus surface.

Daily Thermal Profile
Daily Ta profiles of both sites (Colorado
and Wyoming) in shaded locations above the
talus exhibited increasing temperatures during morning hours and reached maximum
temperatures between 13:00 and 17:00 (Fig.
3). Although the Wyoming (27.7 °C) and Colorado (27.1 °C) sites had similar maximum
above-talus temperatures, those temperatures
averaged above 25 °C for much longer portions of the day at the Wyoming site (from
13:30 to 19:35; approximately 1200 m elevation and approximately 5 °C farther north)
than the Colorado site (from 12:30 to 13:30;
approximately 3050 m elevation; Fig. 3). In
Wyoming, temperatures in pika dens were relatively consistent throughout the day compared with temperatures above the talus. Temperatures were warmer in pika dens than on
the surface during morning hours (01:00–
08:00) and remained cooler than the surface
during the day as Ta just above the talus surface increased (Fig. 3). In Wyoming, time-series
models showed that den temperatures were
significantly correlated with Ta 20 min prior
(F1, 730 = 11.1, P < 0.001, R2 = 0.02; Fig. 4a).
However, this model was only minimally significant, suggesting that Ta explains very little

of the variability in den temperature. In Colorado, time-series models showed that den
temperatures and ambient temperatures were
closely correlated with a time lag of zero
(F1,720 = 1338.0, P < 0.001, R2 = 0.65; Fig. 4b).
The best-fit model for Colorado temperatures
showed that den temperatures at any given
time are correlated with, but lower than, the
Ta at that same time (Fig. 3), with mean temperature differences between Ta and den
reaching a maximum of 9.1 °C at 13:00. We
observed no subsurface ice or rock-ice features (sensu Millar and Westfall 2010) at either
site, although we did not excavate enough
boulders to see deeper than 1 m below the
talus surface.
DISCUSSION
Climate change has (Cahill et al. 2012) and
will continue to affect species by both direct
and indirect mechanisms (Humphries et al.
2004). Ambient temperature, precipitation,
soil moisture, timing of snowmelt, and relative
humidity all have shown shifts across the
world, and could be altered more dramatically
in the near future. Each of these alone, or several factors acting synergistically, could directly
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Fig. 3. Daily ambient temperatures (Ta) profiles (averaged across 26 July 2010 to 13 August 2010) at Grand Teton
National Park, Wyoming, and Gunnison County, Colorado, USA. Mean values are indicated by the dark line; +
– 1 SE is
shown as dark (ambient) and light (American pika [Ochotona princeps] dens) shading. Temperatures were recorded
approximately every 10 min using 5 replicate sensors within each location.

affect animal species. In addition, changes in
the distribution of plants may cause variations
in forage availability or quality, thus indirectly
affecting certain vertebrates. It is important,
therefore, to understand the relationship between organisms, their environmental requirements, and their physiological limitations.
The best method for predicting changes in
species distributions in a changing world is
to understand links between environmental
conditions, an organism’s health, reproductive
fitness, and population dynamics (Humphries
et al. 2004). McDonald and Brown (1992)

suggested that the greatest limitation of predictive models lies in their assumptions of
how plants and animals respond to alterations
in climate. As a result, it is critical that we
understand the basic physiological requirements of species that may be affected most by
alterations in climate (e.g., alpine mammals).
Increasing Ta and changes in precipitation
will result in new environmental pressures
that will likely have notable effects on alpine
species’ ranges. Moreover, the magnitude of
the range shifts will differ by taxa (Moritz et
al. 2008, Sekercioglu et al. 2008, Rowe et al.
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Fig. 4. Cross-correlation function (CCF) plots for American pika (Ochotona princeps) dens and ambient temperatures
in Wyoming and Colorado sites. Dashed lines indicate 95% significance levels; bars beyond the significance lines indicate a significant correlation. Time lag for den temperature, expressed in 10-min intervals, represents the interval, if any,
that den temperature is correlated to ambient temperature (negative lag interval indicates ambient temperature in the
past correlates to current den temperature).

2014). Generally, species well adapted to
colder, high elevations (e.g., pikas) might exhibit the greatest declines (Villers-Ruiz and
Castaneda-Aguado 2013), whereas eurytopic
species adapted to a wider range of environmental conditions (i.e., deer mice [Peromyscus
maniculatus], chipmunks [Neotamias spp.]) will
likely show major changes to their distributions but may not face heavy extirpation.
The normal protocol for assessing mammalian
response to thermal stress—transportation of

animals to a laboratory where metabolic trials
could be conducted over several days—was
prohibited in this study because pikas are
greatly affected by handling stress (Wunder
1992, Wilkening et al. 2013). Consequently, we
could not assess whether exposure to longerduration metabolic testing would result in
chronic accumulations of thermal stress. In our
approach, metabolic trials began at 10 °C and
increased in 5 °C increments up to 35 °C; this
provided the shortest time that pikas would
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be held in captivity. Although time in captivity
has been shown to increase metabolism
(Studier and Wilson 1979, Warkentin and West
1990), this effect has been measured after
several days to years in captivity, and is not
likely to produce a significant effect within the
short time (0.45 h) that each pika was captively held in this study. In fact, our results
clearly contradicted what would be predicted
from such possible confounding. When enclosed in a metabolic chamber, pikas are
unable to behaviorally thermoregulate; thus,
we expected to observe signs of heat stress
at temperatures >25 °C, as was previously
reported (Smith 1974). Signs of lethargy were
observed at 25 °C in 2 individuals (both juveniles); however, after they were removed from
the chamber, the individuals recovered. No
further signs of thermal stress were observed
in any other individuals during metabolic trials and, while in metabolic chambers, pikas
were typically sedentary. Our provision of
apple slices to comply with ethical concerns
and requirements meant that we quantified
RMR rather than basal MR, and may partly
explain why our observed MRs were higher
than those observed by MacArthur and Wang
(1974).
There were limitations on the number of
pikas we could capture; therefore, our sample
size (n = 14) is smaller than the ideal, but is
similar to the number of pikas used by
MacArthur and Wang (1973; n = 16). In addition, because of the capture limitations, all
pika individuals, regardless of sex or age, were
used for our metabolic analysis. Numerous
factors, including sex and body size, may confound metabolic measurements (Nagy 2005,
Boratyński and Koteja 2009). For example,
female voles tended to have higher metabolic
rates than males (Sadowska et al. 2005); however, in a different pika species (the plateau
pika, Ochotona curzoniae), neither sex nor
body mass was found to significantly affect
metabolic rates (Wang et al. 2006). Although
increases in body mass are associated with
an increase in metabolic rates (Nagy 2005), we
are reporting mass-adjusted metabolic rates,
which should account for the small differences
in individual body mass found among our
experimental animals. Although future studies
should also try to obtain larger, balanced
sample sizes, the great need for physiological
information concerning this species suggests
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that, until that ideal is reached, it is important
to quantify pika metabolism across genders
and age classes. In fact, MacArthur and Wang
(1973) used a combination of 11 adult and 5
juveniles for their metabolic calculations.
Previous studies have measured various
aspects of metabolic response in a number of
species and have had sample sizes ranging
from below the manufacturer’s (Sable Systems
Inc.) recommended minimum (n = 8) to well
above (Campbell et al. 1999, Hayes and
O’Connor 1999, Kitaysky 1999, Campbell
and Hochochka 2000, Knopper and Boily 2000,
Mueller and Diamond 2001, Cryan and Wolf
2003, Wikelski et al. 2003, Luna and Antinuchi 2007). Sample sizes for use in measuring metabolic activity in these studies ranged
from 3 to 69 individuals; however, most of
these studies only measured maximal metabolic output or basal metabolic rate, and did
not measure a complete response curve.
Species with inherently low sample size (rare
or threatened) have been used by McNab
(1988) to calculate metabolic response curves
and represent situations similar to the logistical restrictions placed on pikas in this study.
McNab (1992) also used sample sizes of 3–14
individuals to quantify metabolic response
curves in (more common) voles [Microtus spp.].
American pikas have numerous characteristics that allow them to survive through potentially harsh winters without employing hibernation. Pikas have a high rate of metabolism
(RMR = 2.02 mL O2 ⋅ g−1 per hour, this
study; BMR = 1.53 mL O2 ⋅ g−1 per hour,
MacArthur and Wang 1974). Increased metabolism may reflect a need to produce heat to
counteract heat loss associated with highlatitude and/or high-elevation habitats (Lovegrove 2003, McNab 2012). Producing heat is
only one component of thermoregulation;
retaining heat via decreased thermal conductance can also aid in maintaining heat during
cold stress (McNab 2012). MacArthur and
Wang (1973) estimated thermal conductance
for pikas with a mean mass of 109.3 g to be
between 0.24 and 0.46 kcal ⋅ g−1 per hour per
degree Celsius, whereas a typical mammal
with the same mass should have a conductance of 0.46 kcal ⋅ g−1 per hour per degree
Celsius (Herreid and Kessel 1967). Increased
body mass is known to reduce thermal conductance in placental mammals (Riek and
Geiser 2013), primarily through mechanisms
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associated with scaling. The mean mass of
pikas in our study was 59.5–63.3 g (1.54–1.58
times) heavier than the pikas used by MacArthur and Wang (1973), which might result
in decreased thermal conductance values for
pikas in our study. Although MacArthur and
Wang (1973) reported lower conductance
values for pikas, significant individual variation in conductance values could conceivably
affect these generalizations. However, the typically low thermal conductance in pikas (up to
53% lower than predicted by their body mass;
MacArthur and Wang 1973) indicates a high
retention of metabolic heat and a decrease in
energy expenditure at low Ta (below their
LCT), thus helping to conserve body heat and
increase overwinter survival when food availability is limited. However, in increasingly
warmer Ta, a pika’s low thermal conductance
may work against it (e.g., by causing it to reach
hyperthermia faster than expected).
Pikas are known utilize behavioral mechanisms to moderate the effects of high Ta, limiting exposure to stressful temperatures by retreating to cooler refugia underneath the talus
surface during periods of high Ta (MacArthur
and Wang 1974, Smith 1974). Pikas are typically active above the talus from just before
sunrise to late morning, minimally active during the hottest hours of midday, and active
again until sundown (this study; Svendsen 1979,
Smith and Ivins 1986, Smith and Weston 1990).
It is clear that behavioral thermoregulation
plays an important part in pika thermal dynamics; however, if den temperatures rise to a
level such that dens no longer act as thermal
refugia, then pikas will not be able to moderate the effects of high Ta. This possibility is
more likely in locations with shallower and
less-complex talus formations that buffer Ta to
a lesser degree, and such pika losses have
already been detected from structurally lesscomplex talus formations in areas that are near
the warmer, drier edges of the species’ geographic range (Ray et al. unpublished data;
E. Beever personal observation).
In this study, pikas in Wyoming and Colorado were able to behaviorally moderate exposure to diurnal heat by returning to their dens
underneath the talus where temperatures can
be significantly lower than on the surface. In
addition, the lack of metabolic response at
higher Ta in our metabolic data supports the
original hypothesis by MacArthur and Wang
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(1973, 1974) and Smith (1974) that pikas do
not have the ability to physiologically adjust to
high Ta. However, there are several possibilities that may have contributed to the lack of
metabolic response at higher Ta: (1) as a result
of the restrictions placed on us, our metabolic
trials may not have been long enough to produce hyperthermic effects at Ta > 28 °C; (2)
the duration of captivity was orders of magnitude shorter than in MacArthur and Wang
(1973) and Smith (1974); (3) our supplying of
apple slices to pikas may have ameliorated
stress related to dehydration, unlike previous
physiological investigations; and (4) perhaps
we simply did not expose individuals to Ta
high enough to produce the metabolic response. It is possible that we did not use
experimental temperatures high enough (>35
°C) to measure the pika’s UCT. However, even
if pikas had a metabolic response to temperatures somewhere above 35 °C, it would be
biologically meaningless, because there is evidence from 2 different locations that pikas
begin to experience lethal thermal stress at
Ta > 28 °C (MacArthur and Wang 1973, 1974,
Smith 1974).
Neither MacArthur and Wang (1973) nor
this study found an increase in metabolic rate
of pikas at higher Ta (i.e., Ta > 25 °C). We
think that the observed lack of metabolic
response in this study is likely due to an
inability of pikas to physiologically respond to
high Ta, and is not a spurious result associated
with the shortened methodology imposed on
our study. There are no studies to validate an
appropriate acclimation period for measuring
metabolic responses to Ta, and acclimation
times can range from 1 h to weeks. As a result,
there are no data to evaluate whether our
methodology violates some, as yet unknown,
minimum acclimation time. However, even
with the shortened acclimation period, we still
observed a metabolic response at Ta < LCT;
and if pikas were able to mount a metabolic
response to high Ta, we should have observed
a similar response.
MacArthur and Wang (1973) housed individual pikas in captivity for 1–6 mo and then
acclimated and measured pika metabolism
over a 3-h period. Because of the constraints
placed on us, our study took place at the site
of capture where we immediately measured
metabolism across all experimental temperatures. Pikas in this study were allowed to
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acclimate to the new experimental temperature for 45 min; however, it took between 30
and 60 min to reach the proper temperature
(usually a 5 °C increase from the last experimental Ta), so pikas actually spent 75–105 min
acclimating before metabolic measurements
began. As a result, total acclimation time in
this study was similar to acclimation times
from metabolic studies of southern flying
squirrels (Glaucomys volans; 1-h acclimation;
Stapp et al. 1991), Eurasian Tree Sparrows
(Passer montanus; 1 h; Zheng et al. 2008), and
phyllostomid bats (1–2 h; Almeida and CruzNeto 2011). Although our methods were not
optimal, we feel that our approach nonetheless provides a valid measure of metabolic
response in pikas.
If Ta in montane regions continues to
increase, as is predicted (IPCC 2013), interstitial talus temperatures may also increase and
may reach a point where pika dens can no
longer serve as a thermal refuge. Beever et
al. (2010) reported strong correlation (ravg =
0.83) of temperatures within talus interstices
and paired, shaded, above-talus sensors during 2005–2006 at pika sites across the hydrographic Great Basin. Interstitial temperatures were 2–11 °C cooler than above-talus
temperatures during nonwinter, snow-free
seasons, and remained within 2.5 °C of 0 °C
despite wide swings in nearby ambient temperature during coldest weeks. Across 8 talus
slopes on the eastern flank of the Sierra
Nevada massif west of Mono Lake, Millar et
al. (2010) reported significantly lower variability of matrix temperatures than of surface or
ground temperatures, different amounts of
difference between talus–matrix (i.e., interstitial) and talus–surface temperatures among
seasons, and decoupled rates of change between seasons. On 4 taluses in the often rainy
and foggy Columbia River Gorge, Varner and
Dearing (2014) found that on taluses with
>65% moss cover, interstitial temperatures
under moss varied <1 °C within many days
and strongly diverged from nearby ambient
temperatures. These interstitial temperatures
averaged up to 10 °C cooler in summer, and
were as much as 31.5 °C cooler, than ambient temperatures. Long-term research is
needed to better understand rates of longtrend in interstitial versus ambient temperatures in more-typical pika taluses, such as
those in this study.
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In this study, the Colorado site is approximately 1200 m higher in elevation than the
Wyoming site; however, the Wyoming site is
approximately 5° latitude north of the Colorado site. Because adiabatic cooling occurs
with both increased elevation and increasingly
polar latitude, the difference in ambient heating is affected both by elevation and latitude.
Although there is a rule of thumb that suggests a 1 °C reduction in mean Ta for every
100 m or 1° polar latitude, we used real-world
climatological data available online (Thornton
et al. 2014) to calculate the actual climatological difference between our sites. Mean maximum summer Ta at the Wyoming site (23.2 +
–
0.1 °C) was higher than at the Colorado site
(17.7 +
– 0.1 °C) during 1980–2014. Summer
precipitation was similar between Colorado
(1.7 +
– 0.1 mm ⋅ day−1) and Wyoming (1.3 +
–
0.1 mm ⋅ day−1); however, the Wyoming site
had a winter snowpack (measured as snow–
water equivalent) that was 13.2% that of the
Colorado site. Both the Colorado and Wyoming
sites in this study differed in the den and Ta
temperature profiles, with the Colorado site
having den temperatures closely following Ta,
but up to 9 °C cooler, and the Wyoming site
having constant, cool den temperatures. The
difference in the den thermal profiles of the 2
sites may be related to the functional combination of elevation and latitude effects, talus
geometry, or vegetation cover (Varner and
Dearing 2014), but more research is needed to
determine the exact factors that affect temperatures below the talus.
Attempts to model range shifts, especially
upslope retractions, in animal ranges have resulted in an ability to predict general trends
for the near future and identify species of special concern. Considering mountaintops of
the Great Basin as “sky islands” in an islandbiogeographic framework, McDonald and
Brown (1992) predicted that pikas would exhibit
the second-strongest magnitude of decline in
mountain-range occupancy, among the 11
species they considered that were predicted
to persist on at least one mountain range. In
fact, Uinta chipmunks (Neotamias umbrinus;
McDonald and Brown 1992), American pikas
(Beever et al. 2011), and yellow-bellied marmots (Marmota flaviventris; Floyd 2004) have
already begun to show a pattern of localized
extinction in montane regions of the Great
Basin.

442

WESTERN NORTH AMERICAN NATURALIST

The disjunct distribution of pika populations throughout the Great Basin suggests that
these populations are remnants from a time
(i.e., the Wisconsonian glacial period) when
temperatures were cooler and precipitation
was greater (Grayson 2005). Historical records
during this period indicate that Basin pikas
were found approximately 783 m lower in elevation and have since experienced slow extirpations of low-elevation populations resulting
from natural warming (Grayson 2005) and,
more recently, from contemporary climate
change (Beever et al. 2011). Although pika
populations have been facing warming temperatures since the last glacial period, the
faster rate of thermal increase observed
recently may place unprecedented pressure
on a species that does not typically exhibit
dispersal beyond tens to hundreds of meters
(Tapper 1973, Brandt 1985, but see Peacock
and Ray 2001). The distribution of pikas
appears to be strongly tied to variability in
climate (Grinnell 1917, Hafner 1994) and is
shrinking in some portions of the species’
range (Beever et al. 2011, 2015, Erb et al.
2011). In addition, the American pika is
strongly philopatric, and studies with tagged
animals have repeatedly observed individuals
often dispersing to the nearest unoccupied
territories (e.g., Smith 1974, 1980). Among
those individuals attempting dispersal, successful dispersal through nontalus habitat is
considered to be low (Smith 1974, Peacock
and Smith 1997). Although gene flow (and by
extension, dispersal distances) may be greater
in cooler, more mesic environments (Castillo
et al. 2014), long-distance dispersal events
occur quite infrequently (Hafner and Sullivan
1995, Peacock and Smith 1997).
Recent global climate models indicate that
temperatures will warm more rapidly at
higher elevations (e.g., IPCC 2013); additionally, these climate models agree that the western United States is predicted to exhibit particularly large magnitudes of summertime
warming (+3–7 °C) compared with other
regions in North America—winters by about
+2–5 °C (Ray et al. 2010, IPCC 2013). If climate forecasts prove accurate, additional pressures from climate change may place mountain-dwelling animals in environmental conditions above their upper critical temperatures.
Pikas are most likely to be vulnerable to Ta >
35 °C (Fig. 1) in environmental conditions
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(e.g., limited heterogeneity of microclimates)
where behavioral thermoregulation is insufficient, and where suitable talus habitat is unavailable at higher elevations.
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